Morphology and phylogeny has been used to distinguish members of the plant pathogenic fungal 12 genus Stemphylium. A third method for distinguishing species is by chemotaxonomy. The main goal of 13 the present study was to investigate the chemical potential of Stemphylium via HPLC-UV-MS analysis, 14 while also exploring the potential of chemotaxonomy as a robust identification method for 15
but is also able to live as a saprobe on plant debris (Graf et al. 2016; Köhl et al. 2009; Puig et al. 2015) . 33 Some species, like S. botryosum, S. eturmiunum and S. vesicarium, can also occur on food products 34 such as beans, pulses, tomato, apple, pear and cereal grain (Pitt and Hocking 2009; Samson et al. 35 2010; Snowdon 1990) . Though Stemphylium metabolites have been detected in mouldy tomatoes 36 (Andersen and Frisvad 2004) , no mycotoxins sensu stricto have been associated with Stemphylium 37 food spoilage. 38
39
Morphologically, Stemphylium is easy to distinguish from its relatives, Alternaria Nees and Ulocladium 40
Preuss, by its percurrent or annellidic proliferation often with a distinct terminal swelling (Simmons 41 1967) . Phylogenetically, the genus is also easy to delimit from Alternaria and Ulocladium (Ariyawansa 42 et al. 2015) . Within Stemphylium some species such as S. botryosum and S. globuliferum or S. 43 eturmiunum and S. vesicarium appear similar and may be mixed up and misidentified using 44 morphology alone whereas some taxa previously recognized as distinct species such as S. alfalfa, S. 45 herbarum, S. vesicarium and others, fall in the same phylogenetic clade (Câmara et al. 2002; 46 Inderbitzin et al. 2009 ) and are now based on molecular data synonymized as S. vesicarium 47 (Woudenberg et al. 2017) . 48 49 Chemically, individual Stemphylium strains have been shown to produce a broad variety of secondary 50 metabolites, of which many probably play a role during host plant infection as phytotoxins or host-51 specific toxins (Trigos et al. 2011) . Culture extracts of different strains of S. vesicarium have, for 52 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 4 instance, been shown to be pathogenic to either European pear cultivars or Japanese pear cultivars, 53 but never both (Singh et al. 1999) . The extracts contained host-specific toxins (SV-toxins I and II), 54 compounds that have not been structurally elucidated (Tanahashi et al. 2017) . Other research has 55
shown that two endophytic strains of S. globuliferum produced alterporriols H and K, altersolanol L, 56 stemphypyrone (Debbab et al. 2009 ) and alterporriols D and E, altersolanol A (= stemphylin), 57 altersolanols B and C, and macrosporin (Liu et al. 2015) , while an endophytic strain of S. botryosum 58 produced altersolanol A (= stemphylin), curvularin, dehydrocurvularin, macrosporin and 59 stemphyperylenol (Aly et al. 2010) . Another study has shown a strain of S. herbarum (later identified 60 as Stemphylium sp. by Kurose et al. 2015 ) that produced alterporriols D-G and altersolanol A 61 (Kanamaru et al. 2012) . Recently, it has also been shown that Stemphylium metabolites have 62 biological activities, such as cytotoxic and antibacterial effects (Debbab et al. 2009; Liu et al. 2015 ) 63 that may be of interest to the pharmaceutical industry. 64 65 Chemotaxonomy as reviewed by Frisvad et al. (2008) has only been attempted in a few cases on 66
Stemphylium (Andersen et al. 1995) and with little success. However, the study showed that S. 67 majusculum and some strains of S. botryosum produced stemphol (Andersen et al. 1995) . 68
Chemotaxonomy has previously been useful in saprobic genera such as Aspergillus and Penicillium 69 
Fungal strains 79
Eighty-seven Stemphylium strains were used in this study. Table 1 gives the identification numbers, 80 original and new identity, host and origin of these strains. The strains were selected to include as 81 many different species and habitats as possible and as many strains as possible that had been 82 investigated in previous studies (Câmara et al. 2002; Inderbitzin et al. 2009; Woudenberg et al. 2017 
Amsterdam, Holland) were placed 40 cm from the plates. The DRYES and PDA plates (9 cm diameter, 95 plastic) were placed in perforated plastic bags and incubated for 14 days in the dark at 25 °C. The 96 micro-morphological characteristics of the strains were observed from PCA and V8 plates after 7 days 97 of growth. Recording of primary conidiophore length, conidial size and shape (L/W ratio), colour and 98 ornamentation were done at X200 magnification using slide preparations made in Shear's mounting 99 liquid with clear Scotch tape as described in Samson et al. (2010) . The PCA plates were then stored in 100 the dark at 7 °C and checked for ascomata after 6 months. Colony characteristics (e.g. colour, texture 101 and diameter) were recorded from DRYES plates after 7 days of growth. The morphological 102 characteristics of each strain were registered and compared to reference strains. 103 104
Chemical extraction 105
The metabolite profiling was done on the 14-day-old DRYES and PDA cultures using a micro-scale 106 extraction method modified for Alternaria metabolites (Andersen et al. 2005) . Five agar plugs (6 mm 107 ID) were cut from the two media and placed in a 2 ml screw top vial. Then 1.0 ml ethyl 108 acetate/dichloromethane/methanol (3:2:1, vol/vol/vol) containing formic acid (1:100, vol/vol) was 109 added to each vial and the plugs were extracted by ultra-sonication for 60 min. The extract was 110 transferred to a clean 2 ml vial, evaporated to dryness in a gentle stream of N 2 and re-dissolved in 400 111 μl methanol. The methanol extract was filtered through a 0.45 μm filter into a clean 2 ml vial and kept 112
Analyses were performed using ultra-high-performance liquid chromatography (UPHLC) with a diode 116 array detector (DAD) and high-resolution maXis 3G QTOF mass spectrometer (MS) (Bruker Daltonics, 117 Bremen, Germany), equipped with an ESI source and connected to an Ultimate 3000 UHPLC system 118 
Taxonomy/Nomenclature and Morphology 143
The 87 Stemphylium strains used in this study were obtained from different fungal collections and the 144 original identification is given in Table 1 together with information on host and origin. Table 1 SNA and V8 plates. The results show that conidial sizes in general were smallest on SNA and largest on 152 V8. Comparisons between SNA and PCA of three cultures show that conidia appeared paler in colour, 153 smoother and more ellipsoidal on SNA than on PCA (Fig. 1 ). Comparisons of PCA and V8 show that 154 most strains produced conidia that were darker and larger (5.9 µm on average, 4.1 to 25.0 µm) and 155 wider (1.5 µm on average, 3.7 to 5.9 µm) on V8 compared to PCA. However, there was no pattern or 156 system concerning which species produced larger or smaller conidia. The L/W ratio also changed and M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 most conidial shapes became more elongated on V8 compared to PCA, however, S. globuliferum, S. 158 loti and S. sarciniforme, maintained their L/W ratio best. Conidial size and L/W ratio varied within the 159 same culture and therefore the following conidial sizes are the maximum sizes on PCA. Conidial 160 measurements for all strains, except the two S. majusculum, were within the limits of the respective 161 species descriptions given in the literature (Câmara et al. 2002; Pei et al. 2011; Simmons 1969 Simmons , 1985 Simmons , 162 1989 . With a few exceptions, the rest of the strains (62 in all) identified as S. astragali, S. beticola, S. 180 botryosum, S. eturmiunum, S. simmonsii, S. vesicarium (including former S. alfalfae and S. herbarum) 181 and strains with no species identification were more or less similar. Common for all of them was the 182 production of ascomata, conidial size of 24-45 × 13-23 µm (average: 31 x 17 µm), L/W ratios between 183 1.3 and 2.5 (average: 1.8), but no clear species segregation was seen. Figure 2 shows the morphology 184 of a selection of strains from this cluster. One of the exceptions was S. vesicarium # 25 (ex-type 185 culture of S. herbarum (CBS 191.86) ). It did not produce ascomata, produced only a few conidia and 186 was very restricted in its growth on DRYES. 187 188
Chemistry 189
The cluster analysis in Figure 3 is based on 219 secondary metabolites of both known and unknown 190 structure and shows that S. globuliferum, S. gracilariae, S. lancipes, S. loti, S. majusculum, S. 191 sarciniforme, S. solani and S. trifolii form their own distinct clusters based on the production of 192 Table 2 gives the production of the known metabolites by Stemphylium species with two or more 200 stains together with selected species-specific metabolites of unknown structure. Table 3 gives the 201 Mass [M+H], putative formula and retention time (RT) for each of the unknown metabolites in Table  202 2. 203
204
Stemphypyrone was the only known metabolite produced by all 87 strains, whereas only two of the 205 known metabolites, orobol and solanapyrone A, were species specific for S. trifolii and S. lancipes, 206 respectively. Stemphyperylenone A was specific to S. beticola and S. simmonsii. All known metabolites 207 could be detected in one or more strains in Clusters 1 and 2 and only strains in Cluster 2 had one 208 species/cluster specific metabolite of unknown structure (Uke23). 209
Four species, represented by only one strain each, are not shown in 
Host specificity 221
Comparison between Stemphylium species and host (Table 1) www.indexfungorum.org for all synonyms) and throughout the discussion S. vesicarium will also be 233 used for strains originally identified as S. alfalfae and S. herbarum. 234
235
Conidial measurements alone have always been problematic to use for identification of Stemphylium 236 species. Size and shape of the conidia can vary within the same culture depending on the age. Most 237 young Stemphylium conidia are small, spherical/ovoid, with one or few transverse septa. These 238 juvenile conidia become mature within a day or so, developing darker, multiseptate dictyoconidia and 239 assume the shape and size characteristic of its species. The medium also has an influence on conidial 240 size and shape. Our results show that growth on PCA, SNA and V8 yield quite different appearances M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 ( Fig. 1) , which might contribute to the uncertainty of morphological identifications. For comparison, it 242 is important to use the same medium. In this study, we have used both PCA and V8 since both media 243 have been used in past descriptions (Simmons 1969 (Simmons , 1989 (Simmons , 2001 . However, since SNA is a well- reported by Câmara et al. (2002) . We can offer no explanation for these findings. genus Stemphylium. Most of the known metabolites detected in this study (Table 2) have previously 306 been found in strains of Stemphylium. Our results show that the production of known metabolites is 307 not consistent in all stains of the same species (e.g. S. gracilariae) and often occurs in more than one 308 species (e.g. macrosporin). On the other hand, all species in Table 2 were able to produce species-309 specific metabolites of unknown structure that could distinguish them from other species. Several 310 novel connections have been made. All four strains of S. loti produced pyrenophorin and 311 pyrenophorol, which are also produced by Phoma sp. and have antimicrobial activities (Zhang et al. 312 2008) . All five strains of S. trifolii produced orobol, an isoflavone produced in red clover (Trifolium 313 pratense (Klejdus et al. 2001) ), which is interesting, since all five strains were isolated from clover. 314
Stemphylium trifolii seems to be particularly adapted to Trifolium spp. in that both fungus and plant 315 produce orobol. Other species, like S. globuliferum and S. simmonsii, also isolated from Trifolium spp., 316 did not produce orobol. Two metabolites (Ukn185 and Ukn212) of unknown structure, but with 317 recognizable UV-spectra, mass and RT (Table 3) Metabolite profiling can be a powerful tool in fungal identification, but it has its limitations when it 325 comes to strains that have been maintained and re-cultured for many years in culture collections. Our 326 strain of the ex-type culture of S. herbarum, #25 (EGS 36-138 = CBS191.86), now S. vesicarium, has 327 stopped sporulating and is also losing its ability to produce metabolites. The same phenomenon has 328 been observed in Alternaria (Andersen et al. 2008) . Only strains that can be unequivocally identified 329 morphologically should be used in the selection process of species-specific metabolites or 330 chemotaxonomic markers. 331 332
Host specificity 333
No connections were made between individual species and host plants. Some Stemphylium species, 334 such as S. globuliferum, S. sarciniforme and S. trifolii, were isolated from species of alfalfa, clover, 335 lentils, and pea (Table 1) . Other species/taxa, like S. eturmiunum, S. vesicarium and Stemphylium sp. 336 2, have a broader host range comprising Amaryllidaceae, Apiaceae, Brassicaceae, Poaceae, Rosaceae 337
and Solanaceae (Table 1) . A search in U.S. National Fungus Collections shows that the species S. 338 vesicarium (including S. alfalfae and S. herbarum) will have an extremely broad host range (Farr and 339 Rossman 2017). One reason that a species can have such a broad host range could be that all strains 340 produce that same non-host-specific metabolites. Trigos et al. (2011) proposed that macrosporin is a 341 non-host specific toxin that plays a role in leaf necrosis due to its photosensitizing ability. Since vesicarium and others into S. vesicarium. The results from this study show that at least two to four 359 strains of a species are necessary to give diverging branches in the chemotaxonomy. Therefore, future 360 chemotaxonomic investigations should include more species and more strains from some of the 361 investigated species, such as S. astragali, S. callistephi and S. lycopersici. Also, as presented here, a 362 solid group of a single species can identify species-specific metabolites, which can be used for 363
identification. Furthermore, investigation and comparison of conidial morphology showed differences 364 in conidial size from the same strain, when comparing conidia from different media. Thus, the 365 cultivation conditions have implications when comparing results to described reference strains. 5  4  7  Stemphyloxin I/II  --------1  3  2  Stemphyltoxin I  1  4  5  1  -----11  20  Stemphyltoxin III  1  5  5  1  -2  --1  17  25  Stemphyperylenol  2  5  5  1  -2  -1  5  20  28  Stemphypyrone  2  5  5  2  4  2  4  4  5  20  29  Ukn095 2 
